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Laboratory Studies
Power Dissipation as a Measure of Peripheral Resistance in Vascular Networks
JEFFREY L. BORDERS AND HARRIS J. GRANGER SUMMARY Peripheral resistance was examined in the microcirculat ion of the rat cremaster muscle using a network-conserved parameter, power dissipation. Previous studies of peripheral resistance used network-sensitive parameters, and their interpretation is limited by tacit assumptions about the structure of the peripheral vasculature. Power dissipation is directly linked to the resistive process, providing a measure of resistance based on the actual hemodynamics of the network. The dissipation parameter was quantified with the usual vascular parameters of velocity and vessel segment length; 991 segment lengths were measured in 12 normotensive Wistar-Kyoto rats and 16 spontaneously hypertensive rats. Arterial power dissipation was significantly elevated over a wide range of vessel segments; blood flow ranged from 0.08 to 80 nl/sec. Since the largest vessels showed the greatest power dissipation, the organ resistance elevation seen in hypertension in the cremaster apparently is mediated by the larger vessels in the high flow range. Vessel segment length and number of dissipative vessels were unchanged. The increase in power dissipation was due to a network-averaged reduction in mean vessel diameter. Power dissipation also increased significantly in the fastest flowing venous microvessels (>25 nl/sec), also due to a reduction in vessel segment diameter. I RESISTANCE changes associated with hypertenj^T sion are manifested in the most distal circula-A^L . tory ramifications, the microcirculation. It is somewhat ironic that in large vascular tubes, where resistance is well defined and easily calculated, there is only a small contribution of the conduits to the resistive process. Although the smaller vessels are the predominant determinants of total peripheral resistance, they are interwoven in a vascular mesh that makes it difficult to examine or describe how individual elements interact to produce resistance. In a network of interconnecting vessels the concept of resistance has only limited application. In a strict sense, resistance is a relationship between flow and pressure. If there is more than one entrance to allow flow in or more than one exit to allow flow out, then it is difficult, it not impossible, to define resistance in a meaningful way. Thus, there is little significance in resistance terms unless the network has a single entrance and exit. Un-der these conditions, other approaches must be used to quantify the peripheral vascular network with respect to resistance, especially when one is interested in defining the contribution of individual microvessel segments to overall network behavior. One approach has been to measure parameter profiles. Since resistance involves pressure and flow, the parameters of pressure and flow within the network should provide insight into the resistance mechanism. In addition, for laminar flow in tubes, the relationship between pressure and flow is strongly dependent on tube diameter, which is another parameter examined in networks. The underlying problem with all these approaches is the implied assumption that the vascular network will be nicely behaved when these measurements are made. Since the rules defining when the network is well behaved have not been established, several somewhat stylized examples can illustrate where standard interpretations of pressure, flow, and diameter data will be misleading ( Figure 1 ). With pressure profiles one need only propose a network with a fast flowing arteriovenous shunt. Thus, only the characteristics of the shunt vessels (group A in Figure 1 ) are going to be important to the resistance of the network. By random sampling, however, most of the pressures measured will be made from other vessels (group B). The pressure profile will not reflect the resistance vessels in this network, but it will reflect the vessels that are not involved with determining overall vascular resistance for the bed. Although a structural shunt, as exhibited by group A vessels, is not likely to be seen physiologically, a log normal distribution of parameters within a network hemodynamically represents a form of physiological shunt that becomes increasingly important with increasing variance.
Another example of errors in pressure profile interpretation is the arcading vascular segment (volumetric blood flow, Q, = 0 in Figure 1 ). When the interconnection between two arterioles -the arcading vessel -shows no flow, high pressure still can exist in the arcade; however, the arcading vessel could be removed without changing overall bed resistance. Thus, when arcading structures are present in a network, pressure profiles will be difficult to interpret.
Flow profiles suffer from the same problems related to network structure, while diameter measurements highlight other problems. To analyze diameter changes, a secondary measure must be tied to each vessel for comparison. In practice this has meant developing vessel branching schemes to define the segment's location in the network. 6 However, branching schemes usually assume that a known relation exists between anatomical location and resistance sites. The connection should be between hemodynamic parameters and vessel segments for a valid analysis.
Current approaches attempt to locate sites of flow control in complex networks where resistance is not a well-defined quantity. Reexamination of the resistive process in networks has led to the development of a more useful parameter -power dissipation -to describe the contribution of an individual microvessel to overall network impedance. This approach leads to a classification of microvascular segments based on function rather than structure. Once the theoretical basis of power dissipation has been developed, the technique and basic concepts can be applied to analyzing the microvascular behavior in hypertension.
Materials and Methods Theoretical Basis for Power Dissipation Measurements
Given a tissue with only one main feeding arteriole and one draining venule, an overall bed resistance can be defined. The problem is to understand how the individual vascular segments within the tissue contribute to this overall resistance to blood flow. For laminar flow in a single tube, the tube geometry uniquely determines the resistance. In a vascular network, vessel location within the network becomes equally important. For example, capillaries contribute so little to tissue resistance not because of their size -they are small high resistance tubes -or their great numbers -if just one capillary is placed in line with the feeding arteriole it becomes highly resistive -but because of their location and connection within the hemodynamic network.
Determining individual vessel contributions to overall bed resistance requires a more generalized view of the resistive processes. Resistance can be thought of as the process by which energy, in the form of pressure, is transformed to heat by the shearing mechanisms inherent in viscous fluid movement. Where there is no fluid movement, pressure, or viscosity, there is no energy loss to heat and no resistance. The energy lost to heat in a tube will be uniquely associated with that tube and will not be transferred elsewhere providing there is no motion in the vessel walls. This power dissipation is essentially what causes resistance, and it can serve as the primary means of measuring individual segment contributions to overall bed resistance. Energy is required for blood flow, and the sites of its greatest dissipation can be characterized as sites of vascular resistance.
Power dissipation is conserved in the network. The energy leaving a vessel is decreased from the entry level by that amount lost within the vessel. This relationship is in contrast to blood flow within a network; flow is conserved physically. However, since flow is passed between vessels without alteration, it will not be conserved within a network of vessels. Consequently, the summed flow of all vessel segments within a network will depend on the level of serial coupling. On the other hand, total power dissipation will always equal the sum of the segmental power dissipations regardless of the underlying network. It is network conserved. Within a vascular network, then, sites of resistance will be those vascular segments showing high power dissipation rates. The mechanisms causing the high power dissipation rates can be studied by examining 186 HYPERTENSION VOL 8, No 3, MARCH 1986 the properties, such as diameter, flow, and length, of the isolated vessels. Power dissipation provides a means of isolating or grouping those vessels most involved hemodynamically with the impediment to blood flow within the network, so that we can understand the mechanisms for resistance change.
In a macroscopic sense power dissipation, Pd, is just pressure drop, AP, times flow, Q. Pressure is a difficult parameter to measure microscopically, especially pressure drops across short vessel segments. Flow can be measured optically and noninvasively in numerous ways, and pressure drop can be expressed as a function of flow for Poiseuille resistance in a given vascular segment. Therefore, for microscopic measurements:
and L is segment length, D is segment diameter, and \x. is blood viscosity. For round vessels, Q = (n x D
2 ) x VIA, where V is flow velocity; hence:
Since average microvascular viscosity is approximately constant throughout the peripheral network, 7 power dissipation is proportional to velocity squared times vascular segment length.
If a secondary classification system is used, then the following applies within the network: Also,
where N G{> is the number of vessels in Group G i that have an average power dissipation of Pd tn ; L v is the total vascular length per unit volume for the group of vessels G ( ; (Pd L ) tvt is average power dissipation per unit length, and Vol is the tissue volume fed by the vessels from which the AP x Q measurement was made.
This system implies that if care is taken, morphometric data may be combined with power dissipation parameters. Since the most general power dissipation approach described herein involves measuring large numbers of vessel segments, this equation offers a distinct reduction in work, provided that the groups, G,, are coupled to power dissipation parameters. Since Pd m is a linear average and does not address data variance factors as mechanisms of resistance in their own right, the groupings, G,, must be done with some a priori knowledge of resistance sites. The use of morphometric data requires support initially from the more general approaches decribed herein.
Data Analysis and Interpretation
The utility of power dissipation as a classification parameter based on function is readily apparent. Those vessels with high power dissipation values represent areas intimately involved with the peripheral resistive process. Those vessels with low power dissipation but high flow are clearly flow distributional vessels. Finally, segments with low power dissipation and low flow simply are not involved strongly with the hemodynamics of the vascular network in its current flow state.
To examine causative factors for resistance development, those vessel segments with the highest Pd values must be isolated. The simplest approach is to use a selection process to remove the highest power dissipation segments. In this way, the segment characteristics of those vessels with low Pd values will not be included in an analysis of causative factors for resistance. Essentially, the process artificially creates two classes of vessels, dissipative and nondissipative. The process is artificial, with a continuous distribution of parameters, but low power dissipation vessel segments are effectively removed from consideration so that mechanisms for resistance changes can be clearly examined.
The simplest approach is to take the individual vessel segments measured, arrange them in decreasing order of power dissipation values, and then start selecting vessels from the top of the list. The selected vessel segments are set aside for study as the resistance class until some given percentage of the total has been reached, say 75%. The characteristics of the resistive vessels, such as diameter, flow, length, and relative numbers, can be examined directly. Vessel number is an indirect measurement that can be isolated with the technique. For example, if small third and fourth order vessels have a strong contribution to overall bed resistance, then a large number of vessel segments will be needed to reach the cutoff value of 75%. Conversely, if the largest vessels (first order arterioles, first order venules, and second order arterioles) are the major determinants of organ resistance, then few vessels will be needed. This technique of "bagging" the vascular segments with high Pd values is a powerful approach with two drawbacks. First, if the experimental design limits the number of measurements in a single animal, then it may not be possible to reach the chosen cutoff value and the vessels measured may not be representative of the general population distribution. Second, if there is a trend in Pd values with respect to, say, vessel diameter, then whole groups of vessels may be eliminated from the analysis. That is, even though only 25% of the whole organ resistance is located in small vessels, their absolute power dissipation levels and changes between experimental groups may still be pertinent. These other vessels might be sites of resistance control, rather than resistance, or might be critical to highly local phenomena such as oxygen delivery.
By subgrouping the vessel segments with respect to power dissipation and flow, these difficulties can be overcome with only a slight loss of generality. A critical relationship for power dissipation studies is the blood flow-power dissipation function for the vascular segments. Within a peripheral network it can be expected that vessel parameters will be log normally dis-187 tributed. The first step in analyzing power dissipation distribution throughout the network is to isolate the dissipative segments from the distribution of power dissipation with respect to flow. If all segments show the same power dissipation levels, the task would be simplified to selecting segments starting with the highest power dissipation vessels and continuing until a certain percentage of the total power dissipation was reached, as already described. However, there are expected relationships of power dissipation with diameter and flow that must be accounted for to examine resistance mechanisms throughout the vascular bed. A convenient approach is to use polynomial least-squares curve fitting to plot power dissipation with respect to flow. The curve will thus demarcate the resistive segments. Segments whose value of power dissipation falls below the line will be the flow distributional vessels and the nonactive vascular segments. Vessels above the line will be considered the resistance elements. With typical microcirculation flows ranging from 0.025 to 250 nl/sec, a large number of vascular segments must be measured to precisely define the Pd -Q curves. However, with the use of optical Doppler velocimetry techniques this does not really constitute a drawback for the rat cremaster muscle.
The use of a least-squares line to segregate the resistive segments is limited in some respects. First, the percentage level for cutoff of power dissipation is dependent on the variance of the data. With a large variance in a log normal distribution, a high percentage of power dissipation will be included in the resistive class for any given flow. For instance, 99% of the total power dissipation could lie above the least-squares curve fit line. For small variances, a much lower percentage will lie above the line with the limiting value of 50%. The exact percentage is not selectable. If the particular percentage value is unacceptable, however, the least-squares curve fit can be shifted upward or downward to accommodate the precise percentage cutoff selected.
Another drawback of curve fitting is that the number of vessel segments involved in the resistance process cannot be obtained directly. For a least-squares fit, the number of vessels above the line will be just 50%. Since the number of segments involved in the resistive process is an important mechanism for resistance change, 8 a different approach must be used. Providing the number of segments measured is large, the data plotted on a flow-power dissipation curve can be subdivided into small subgroups on the basis of flow values; each subgroup will include all the vessel segments with flow between two arbitrary values. The data within the subgroups are then ordered with respect to power dissipation levels. A percentage level of total power dissipation is then chosen, say 75%, and vessel segments are drawn from the top of the list until the sum of the selected vessels' total power dissipation exceeds the reference percentage level. The vessels selected from the subgroup represent the resistive vessels in this subgroup, and the number of segments will reflect any changes in resistance caused by changes in numbers. If the distribution of values is strictly log normal, the number of vessels so selected will be reflected in variance changes between normotensive and hypertensive groups. However, it is harder to visualize changes in vessel number by just reporting variance shifts, and if the data points are not precisely log normally distributed, the variance approach will not be valid. The discrete vessel selection procedure represents the most general nonparametric approach and provides an intuitive feel for vessel number changes.
Once the resistance vessels are isolated from the general population of vascular segments, the comparison of their common features is straightforward, with the consideration that all value distributions will not now be normal in any fashion. Nonparametric tests will be required for all statistical analyses. All resistive changes observed by analysis will be weighted by what is really happening hemodynamically within the network. A functional rarefaction determined by power dissipation analysis may not be observable using standard morphometry methods since the flow characteristics of the vascular segments involved are not properly considered.
Resistance mechanisms can be examined using the power dissipation measure. As mentioned previously, the percentage of active segments can be determined. This is a measure of functional rarefaction, in the sense that the method clearly identifies whether changes in vessel number contribute to altered network resistance. The flow-power dissipation curve will reflect functional cross-sectional area shifts within the vascular network. If vessel numbers are the same, then only two mechanisms can cause a shift in the curves: vascular segment length or mean diameter shifts. Segment length can easily be examined directly since it is a measured parameter. Mean diameter changes are reflected as those shifts in the power dissipation-flow curves that cannot be explained by either vessel number changes or vascular length changes.
Lastly, since pressure profiles are network-dependent, details of the peripheral network organization can be implied by using the power dissipation parameter to derive pressure drop profiles. Pressure drop in a segment is calculated by the following relation:
Since power dissipation is a function of velocity squared, an accurate determination of average flow velocity is essential. The integrals proposed by Baker and Wayland 9 were used to correct apparent velocity readings to true volumetric averaged velocity for power dissipation calculations.
Experimental Protocol
Twelve male Wistar-Kyoto rats (WKY) and 16 spontaneously hypertensive rats (SHR) were used in the study. All rats were weight matched (range, 100-150 g) and were approximately 7 to 9 weeks old. The cremaster muscle was chosen as the study tissue. The technique used to prepare the muscle for microscopic study was adapted from that of Baez 10 along the 188 HYPERTENSION VOL 8, No 3, MARCH 1986 lines outlined by Roy and Mayrovitz." The suffusion fluid used was a modified Krebs-Henselite bicarbonate buffer equilibrated with 95% N 2 , 5% CO 2 , at pH 7.35. Pancuronium bromide, 1 /ig/ml, was added to the suffusion fluid to inhibit tissue movement and allow accurate velocity readings. The rats were anesthetized with an initial dose of 50 mg/kg of sodium pentobarbital (Nembutal); supplemental doses were given as needed to maintain the appropriate plane of anesthesia. The femoral artery contralateral to the cremaster muscle used was cannulated for systemic blood pressure measurement. After surgical preparation, the cremaster muscle was allowed to stabilize undisturbed for 30 minutes. The tissue was then accepted for study if the total muscle flow had stabilized and if the systemic pressure was stable. Dilation with papaverine (4 mg/ml) was found to raise blood flow in WKY and SHR to greater than 20 ml/min/100 g, and this flow value was used to reject tissues as dilated for all animals.
The muscle was spread over a thermostatically controlled heated pedestal to control tissue temperature to 34°C. The microvessels were observed using a Zeiss ACM (Thomwood, NY, USA) intravital microscopy setup. Velocity measurements were made using an optical Doppler intravital velocimeter." The optical magnifications used at the grating were 18 to 36 x depending on the vessel size. Slit width was fixed at 60 Aim at 18 x . Signal bandwidth of the sensor and electronic amplification circuits was set at 5 kHz, which provided enough signal bandwidth for accurate velocity readings to 65 mm/sec at 18 x . The highest velocities recorded were less than 50 mm/sec.
Measured velocity had to be corrected for volumetric averaged mean velocity. For vessel sizes greater than 20 jum, the Baker and Wayland 9 integrals were used to determine the appropriate correction factors. These were slightly modified to account for the microscope's depth of focus. A Gaussian weighting function was used for the depth of focus factor with a mean of zero, for centerline flow, and a variance of 50 /i.m. The variance figure chosen was empirically determined as the value that would provide the best balance between arterial inflow with venous outflow. For vessels with diameters less than 20 fim, the correction factor used was a linear interpolation from a value of 1 at zero diameter to a Baker and Wayland 9 value at 20 /Am. Blood flow was calculated from the corrected velocity value based on the formula for round vessels: Q = V X (n X R 2 ); Vindicates vessel radius. Diameter was measured with a video image shearing device (IPM, San Diego, CA, USA). Vessel segment length was measured using a calibrated micrometer disk in the miscroscope eyepiece. Segment length was determined in one of two ways. Since power dissipation is a function of velocity, the criteria for determining segment length were based on velocity changes. The first criterion was the distance between major branching points, which is the distance on the primary vessel between branch points of one order lower. This typically divided the classic first order arteriole vessel in the cremaster into four to six segments. These major branches result in velocity changes in the segments that greatly affect power dissipation. Smaller branches off a large feeder typically did not cause significant changes in the main feeder vessel velocity. When a small vessel off a large vessel did affect the large vessel velocity, a second criterion for segment length was used. Segment length was defined as the distance from the previous branch point to that point where velocity was reduced to half of the feeder input velocity. Since velocity in these particular segments typically would vary with distance down the vessel segment, the velocity recording was determined from the velocity at the segment midpoint.
Velocity and diameter recordings were made throughout the tissue without any qualifications as to location. Small venule recordings were rejected due to the extremely low velocity values present in some vessels. The entire range of flows for the smallest venules could not be determined by the velocimetry method used. To avoid bias, and since the low velocities represented low power dissipation, no velocity recordings were made on venous vessels with diameters less than 25 /im.
Results
The mean systemic blood pressure was 117.5 ± 1.9 mm Hg for SHR and 82.3 ± 1.4 mm Hg for WKY. The mean body weight was 122 ± 3.5 g for SHR and 115 ± 4.7 g for WKY. The total muscle flow was reduced for the hypertensive animal muscle, 9.19 ± 0.67 ml/min/100 g, compared with that of WKY, 11.59 ± 1.03 ml/min/100 g. This difference was marginally significant in a t test of means (p = 0.94). In all, 991 vascular segments were measured in the 28 animals studied. The segments were broken down by arteriole and venule makeup since venous power dissipation was typically five to 20 times less than arteriolar levels. The segments were ordered with respect to flow and broken down consecutively into 20 point groupings. A 75% total power dissipation break point was used to classify vessels as resistive. For the arteriolar vessels, 48.3 ± 1.0% were classified as resistive in SHR and 47.3 ± 1.7% in WKY. For the venous side vessels, 43.2 ± 3.3% were classified as resistive in SHR compared with 45.0 ± 2.9% in WKY. The small differences were not statistically significant, which indicates no change in the number of resistive vessels active in determining organ resistance.
Because the percentages were close to 50% with no significant differences, the least-squares curve fit approach was used to isolate resistive vascular segments. The arterial vessels exhibited a mild log quadratic relationship between power dissipation and volumetric blood flow, while the venous vessels exhibited log linear curves. Once the resistive vessels had been segregated, the curves of their power dissipation-flow relationships were plotted as shown in Figure 2 . Only the arterial vessels of SHR showed a nonlinear log relationship. For statistical comparison, the flow interval was broken into two divisions per decade and a Mann-Whitney rank-sum test was used to compare normotensive with hypertensive groups. The power dissipation for the arterial segments of SHR was elevated significantly at the 95% level between flow values of 0.08 and 80 nl/sec. The venous vessel segments of SHR showed significant elevation of power dissipation for vessels with flows greater than 25 nl/sec. The mean Pd values as well as the rank-sum statistics are shown in Table 1 . Another commonly measured parameter, the relationship between diameter and flow, is shown in Figure 3 for the arterial vessels. Murray's law, 12 which is based on theoretical considerations of optimized networks, predicts a log linear relationship between flow and diameter with a slope of 3.0. The arterial segments from WKY exhibited a log quadratic relationship. The arterial curve of SHR gave a best fit slope of 2.6. Only the venous segments of WKY showed a log linear relationship with a slope that did not differ significantly from the value of 3.0. Arterial vascular segment length is shown in Figure  4 . The complex curve showed no areas of significant difference between segment lengths from SHR and WKY. The venous segments showed a log linear relationship between flow and length. The length of the venous segments from WKY was significantly higher for flows ranging from 80 to 250 nl/sec.
The relationship between vascular segment pressure drop and flow is shown in Figure 5 . Again, the segments from SHR showed an increased pressure drop over a wide range of flow. Also, the venous pressure drop per segment is approximately an order of magnitude lower than the arteriolar levels. This increase in pressure drop is significant for arterial vessels with flows ranging from 0.08 to 80 nl/sec and for venous vessels with flows greater than 8 nl/sec.
Discussion
This study attempted to develop a method of measuring peripheral resistance in the microcirculation without the need of simplifying assumptions on the nature of the vascular network. Resistance sites were isolated with an energy-based parameter, and mechanisms for resistance changes in these sites were characterized in WKY and SHR. Resistance shifts definitely occur at the micro vascular level. The 21 % reduction in organ flow measured in this study combined with the 50% elevation in transorgan pressure drop reported by Bohlen et al. 2 represent a major peripheral resistance change in the cremaster muscle. Due to the complexities of the peripheral network of blood vessels, this effect is easily lost in the natural variance of the network. Only by measuring a large number of randomly sampled vessels and avoiding network-based bias by using network-conserved parameters can the nature of resistive mechanisms be confirmed.
Elevated levels of power dissipation in the tissues of SHR were seen throughout most of the microvascular network. There was no significant change in number of vessel segments in the resistive class, and with the exception of large venules, no change in vessel length was observed. These findings suggest that the increase in power dissipation and organ resistance is due to a mean diameter constriction in vessels dominating the dissipative process, which is illustrated by the diameter-flow curve in Figure 3 . The entire middle range of arterial vessels showed an elevation of power dissipation, while only the largest, fastest flowing venous vessels showed resistance shifts associated with hypertension. Small venules showed no power dissipation changes in SHR; hence, the venous contribution to capillary pressure changes in the SHR, if any, should be modulated by the large venules through changing mean diameters.
In this study, the largest, fastest flowing vessels contributed most of the power dissipation of the whole organ in this tissue. They are the main sites of vascular resistance. Based on the first order arteriole and venule pressure data of Bohlen et al., 2 whole organ power dissipation was 9.78 ± 0.83 erg/sec for SHR and 6.16 ± 0.59 erg/sec for WKY. A comparison of these values with the resistive vessel curves in Figure 2 clearly shows that a few, typically less than 10, segments contribute most of the total organ power dissipation. Thus, we conclude that only power dissipation shifts in the larger, fast flowing vessels are important to overall resistance changes in this particular tissue. Although the smaller vessels exhibited relative resistance shifts as large as those of the fastest flowing vessels, their low absolute power dissipation levels mean their effect is limited to local flow delivery. Therefore, these small vessels do not influence whole organ resistance directly.
The calculated pressure drop curves shown in Figure  5 provide some insight into the network structure. As expected, the pressure drop in a vascular segment was much higher on the arterial side. The venous side pressure drop was unremarkable and consistent with the power dissipation approach. Although the highest pressure gradients in resistive vessel segments occurred in the smallest, lowest flow arterial vessels, power dissipation was several orders of magnitude higher in the fastest flowing, largest vessels. This apparent contradiction can only be resolved by considering the network's structure. Only a low percentage of total organ flow can actually go through the small resistive, high pressure drop arterioles. The resistive segments isolated by the stripping process probably selected the small arteriolar twigs that branch off the main feeding vessel near the entrance point into the muscle. These small vessels would have high feeding pressure that would need to decrease quickly before the immediate branching to capillaries. Most of the tissue blood flow would continue through the main feeding vessels. Although the fastest flowing, large vessels contributed the majority of the whole organ power dissipation in this tissue, they had only limited pressure gradients (see Figure 5) . Clearly, if half of the total organ power dissipation occurs in these vessels, then a minimum of half of the total pressure drop, in a network-averaged sense, must occur in these vessels. This premise directly implies that 1) these largest vascular segments are serially coupled with respect to each other and 2) a large percentage of the organ blood flow traverses through these elements. This is in sharp contrast to the small resistive vessels that are clearly parallel elements with only a small percentage of the total flow passing through them.
Pressure profile curves (i.e., pressure vs diameter) can be expected to vary according to the sampling location, If the first second order branch off the main feeder is chosen, then the first to second order branch pressure drop will be small and in general the pressure profile will point to small vessel involvement. If the vessel sampling is done at the end of the first order arteriole vessel near the muscle tip, then most of the pressure drop and resistance will appear to be in the largest vessels. Random sampling can generate any possible intermediate and cannot ensure an accurate evaluation since pressure site selection is numberweighted, whereas the tissue hemodynamics are in a sense flow-weighted. This example illustrates the importance of using parameters that are network conserved. Approaches that are sensitive to vascular network structures can definitely lead to incorrect interpretations of otherwise valid data measurements.
Provided velocity measurements can be measured accurately and quickly, the power dissipation technique provides a powerful and effective method for analyzing resistance in peripheral vascular networks. Resistance sites can be clearly isolated, and the mechanics for power dissipation increases at the individual vessel level can be definitely analyzed. Although the nature and means by which resistance control is effected remain unanswered, isolation and characterization of resistance sites are the first steps in understanding peripheral blood flow control.
